and the nervous system (visna). We have previously shown that a duplicated sequence in the long terminal repeat (LTR) of MVV is a determinant of cell tropism. Here, we demonstrate that deletion of a CAAAT sequence from either one of the repeats resulted in poor virus growth in sheep choroid plexus cells. A duplication in the LTR encompassing the CAAAT sequence was found in four neurological field cases that were sequenced, but no duplication was present in the LTRs from seven maedi cases; one maedi isolate was mixed. These results indicate that the duplication in the LTR is associated with neurovirulence.
Maedi-visna virus (MVV) is a lentivirus of sheep, mainly affecting the lungs (maedi) and the central nervous system (CNS) (visna) (44) . The primary target cells of MVV infection are cells of the monocyte/macrophage lineage, and virus replication is restricted until differentiation of the monocytes to macrophages (17, 21) . However, various cell types are permissive for infection in vitro and in experimental infection by certain MVV strains (19) . The identity of the cellular receptor(s) for MVV has not been elucidated, but it appears that it is a common molecule that is expressed on many cell types or that the viruses have a choice of many receptors (8, 20, 29) . Cell tropism of MVV is therefore probably mainly determined by virus and/or host factors that act after virus entry. We have shown that a repeat sequence in the long terminal repeat (LTR) of MVV extends the cell tropism of the virus from being strictly macrophagetropic to being able to grow in a variety of cell types (1) .
The LTR of MVV is divided into U3, R, and U5 regions, like other retroviral LTRs. The U3 region contains the promoter and enhancer regions of the virus, and unlike human immunodeficiency virus (HIV), no transactivation response element has been identified in the R region. The Tat protein of MVV has in most studies been shown to activate transcription 2-to 8-fold (compared to 100-fold activation by HIV type 1 [HIV-1] Tat) and has been suggested to be analogous to the Vpr protein in HIV-1 (6, 16, 56) . The LTR has been associated with tissue tropism in a number of retroviruses (11, 14, 32, 35, 38, 39, 49, 55) .
Epidemiological and experimental data suggest that there are strain differences in organ tropism of MVV. During the maedi-visna epizootic in Iceland from 1933 to 1965, maedi, the pulmonary affection, was most prevalent. However, in some flocks, visna was the main cause of disease and death (34) . The neurovirulent MVV strains K1514 and K1772 are descendants of virus that was isolated from the brains of sheep from one of these flocks (45) . These viruses contain a repeat sequence within the LTR that determines the cell tropism of MVV (1). Neurological disease is common in lentiviral infections; a large proportion of those infected with HIV develop neurological complications (see reference 54 for a review). A number of studies have shown that HIV strains entering the brain are predominantly macrophagetropic (22) . However, studies of neurovirulent variants of simian immunodeficiency virus (SIV) have shown that macrophage tropism is not sufficient for neurological disease (30) , and several studies have implicated the LTRs in neurotropism of HIV and SIV (2, 13, 14, 52) .
In this study we determined a sequence within the repeat sequence of the MVV LTR which was necessary for growth in cell types other than macrophages. Furthermore, we sequenced the LTRs from field cases of maedi and visna and found a duplication in the visna cases but not in most of the maedi cases.
MATERIALS AND METHODS

Cells.
Sheep choroid plexus (SCP) cells were established as described previously (37, 46) . Monocyte-derived macrophages were isolated from peripheral blood samples from healthy sheep as previously described (48) . The cells were maintained in Dulbecco's modified Eagle medium (Gibco) supplemented with 2 mM glutamine, 100 IU of penicillin per ml, 100 IU of streptomycin per ml, and 10% lamb serum.
Transfections. Fetal ovine synovial cells and SCP cells were transfected using Lipofectamine 2000 as specified by the manufacturer (Invitrogen).
Construction of recombinant viruses. The molecular MVV clone KV1772 is contained in two plasmids, as described previously (48) . The deletions were generated by PCR-mediated site-directed mutagenesis using the oligonucleotide primers listed in Table 1 . The deletions were introduced only into the 3Ј U3 region, since the U3 region in both the 5Ј and 3Ј LTRs should be derived from the 3Ј LTR of the transfected DNA after one round of replication (43) . All constructs and both 5Ј and 3Ј LTRs of the progeny of transfected cells were confirmed by sequencing. Sheep blood-derived macrophages were used for preparation of virus stocks.
RT assay. Viral particles from 0.5 ml of cell-free supernatants from infected cells were pelleted at 14,000 rpm for 1 h in a microcentrifuge. Reverse transcriptase (RT) activity was determined as described previously (3) .
Amplification of DNA from formalin-fixed, paraffin-embedded samples. DNA was extracted by the method of Smith et al. (50) . A thin section of paraffinembedded tissue was trimmed of excess paraffin and put into 500 l of lysis buffer (10 mM Tris, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.45% Tween 20, and 0.45% Nonidet P-40) containing bovine serum albumin (100 g/ml) and proteinase K (100 g/ml). The reaction mixture was incubated at 55°C overnight, boiled for 10 min, and then centrifuged at 14,000 rpm for 10 min in a microcentrifuge. Six microliters of the supernatant were used in a 40-l PCR mixture. Nested PCR was performed by using Pfu polymerase (Stratagene) for the first PCR round of 35 cycles with primers V-8856 (forward, 5Ј-GAGAACAAATGCCTACCCTGG-3Ј) and V-9124 (reverse, 5Ј-CTTTCCTTCGAGACTCTCCA-3Ј) and an annealing temperature of 55°C. For the second round of nested PCR, 3 l of the first-round PCR was used in a 40-l reaction mixture using Taq polymerase (New England Biolabs) and primers V-8897 (forward, 5Ј-GTAGAGTTATAGGAAG GCCG-3Ј) and V-9045 (reverse, 5Ј-GCTGCTACATGACTTAGCAC-3Ј). The reaction conditions were the same as for the first round. The PCR products were cloned using a TOPO TA cloning kit (Invitrogen) and sequenced.
Generation of LTR/reporter gene constructs and enzyme assays. A SacI site was introduced into the multiple cloning site of the reporter plasmid pCAT-Basic (Promega) for cloning HindIII 8643 -SacI 9128 fragments containing the 3Ј LTR of the virus. The luciferase plasmids were constructed by replacing a XhoI-HindIII fragment containing the HIV-1 LTR in pBlue3ЈLTR-luc, which is a pBluescript KS(ϩ) derivative (28) . The 5Ј LTR from nucleotides 8852-280 was cloned into this plasmid (nucleotide numbering is that of KV1772 [4] ). pBudCE4.1/lacZ/ CAT (Invitrogen) was used as an internal control for transfection efficiencies.
Chloramphenicol acetyltransferase (CAT) was assayed using the phase extraction method as described by Seed and Sheen (42) . Luciferase was assayed using the Enhanced Luciferase Assay kit (Pharmingen) as specified by the manufacturer. ␤-Galactosidase was quantified using chlorophenol red ␤-galactopyranoside (CPRG) as a substrate (47) .
RESULTS
Identification of sequences within the repeats in the MVV LTR U3 region that enhance replication in SCP cells. In previous studies, we demonstrated that a duplication in the LTR determines the cell tropism of MVV (1) . The region in the LTR that needs to be duplicated for replication in SCP cells contains a number of known transcription factor binding sites, including degenerate AP-1 sites, a CAAATG sequence which constitutes a consensus E-box (CANNTG) (15) and an AML/ PEA-2 site, which has been implicated in the replication of equine infectious anemia virus in fibroblasts (31, 35) and has also been suggested to be important in controlling MVV replication (51) .
We introduced deletions of these binding sites in one copy of the repeats in the molecular clone VA4. The molecular clones VA4 and VA3 are identical except for a 54-bp duplication in the LTR of VA4. The sequence that is duplicated overlaps the 43-bp repeat in the molecular clone KV1772 by 34 bp (1) ( Fig.  1 ; see Fig. 4 ). Fetal ovine synovial cells were transfected with the plasmid constructs bearing deletions, and macrophages were used for preparation of virus stocks, since they are permissive for virus with and without a repeat (1) . Replication of the chimeric viruses was tested in SCP cells and macrophages. The cells were infected with equal amounts of virus as determined by RT activity. A multiplicity of infection (MOI) of 0.5 was used. The MOI was estimated by using a titrated stock of KV1772 MVV and determining the correlation between 50% tissue culture infective dose and RT activity. Virus replication was monitored by taking samples daily and measuring RT activity. Deletion of the AP-1 sites or the AML/PEA-2 site had no effect on replication of the virus in SCP cells. However, deletion of the CAAAT sequence from either copy of the duplication reduced replication markedly in SCP cells but had no effect on replication in macrophages (Fig. 2) . The replication experiments were repeated three times with the same result. The identity of the virus strains was confirmed by PCR and sequencing at the end of each experiment. No revertants were detected.
Transcriptional activity of the LTRs. To determine whether the cell tropism is controlled at the transcriptional level, the (Table 2) . These results are in accordance with the results of other studies (24, 25, 41) . The loss of replication activity in SCP cells that we see in the viruses without a repeat in the LTR can therefore not be detected in the context of transcription of a reporter gene in transient transfection.
We then went on to determine the importance of the CAAAT sequence and the AML site by deleting these sites from the LTR without a repeat using a luciferase reporter plasmid. In MVV, no transactivation responsive element has been identified in the R sequence comparable to the transactivation response element in HIV-1. However, sequences 3Ј of the promoter have been reported to contribute to transactivation (10, 25) . We therefore included downstream sequences in this new construct as explained in Materials and Methods. SCP cells were transfected and, again, there was no detectable difference between the LTRs with and without a repeat. However, there was significantly less transcription if the CAAAT sequence was deleted from the LTR without a repeat, and deletion of the AML site also resulted in less transcription. These sequences are well conserved in the LTRs of MVV. Deletion of the TATA box abolished transcription almost completely (Fig. 3) .
Importance of extended cell tropism in vivo. The visna virus strain KV1772 is a descendant of virus that was originally isolated from the brain of a visna-affected sheep. To investigate the possibility that the repeat sequence in the LTR, and thus extended cell tropism, is associated with neurotropism, PCR products from the LTRs of formalin-fixed, paraffin-embedded samples of four field cases of visna and eight cases of maedi were sequenced. Three of the visna samples (strains 8, 9, and 10) were from the herd that was the source of virus in our transmission experiments (strains K1514 and K1772). The 43-bp duplication that is present in these tissue cultureadapted strains was also found in the original field samples (Fig. 4) . The fourth visna sample was from a sheep that had both maedi and visna and came from a different farm several years later. This MVV isolate had a 34-bp repeat in the LTR that overlapped the repeats in the other visna virus samples by 14 nucleotides encompassing the CAAAT sequence. The maedi samples were taken from three farms over a period of 4 years. All of these samples had LTRs without a repeat, but one was mixed (Fig. 4) . Thus, a repeat sequence was significantly more frequent in the visna strains than in the maedi strains (P ϭ 0.005, Fisher's exact test). However, since three of the visna samples were from the same herd, and may have been related, there may have been only two independent visna strains. Even so, the association of visna with the repeat sequence is still significant (P ϭ 0.045).
FIG. 2. Growth curves of the various LTR deletion variants in SCP cells (A) and macrophages (B)
as measured by RT assays. Virus strains with one or two API sites (Ϫ10 and Ϫ20 respectively), the AML site (AMLa), and CAAAT (CAAATa) deleted from the first copy of the repeat in the LTR and CAAAT deleted from the second copy of the repeat (CAAATb) are shown. kcpm, counts per minute (in thousands). 
DISCUSSION
Deletion of a CAAAT sequence from either copy of a duplication in the LTR caused deficient virus replication in SCP cells but had no effect on replication in macrophages. This sequence constitutes an E-box and could be expected to influence transcription of the viral genome in SCP cells. However, when LTR sequences with or without a duplication of the CAAAT sequence were put in front of a reporter gene and SCP cells were transfected with the DNA, no difference was detected. These results are in accordance with a number of studies that have shown no correlation of the presence of repeats in the LTR of MVV and transcriptional activity (10, 24, 25, 41) . In a comprehensive study to localize transcriptional control elements in the LTR of MVV using CAT reporter plasmids in various cell types, Hess et al. (25) found that the AP-4 and AP-1 sites proximal to the TATA box were necessary for promoter activity both in SCP cells and macrophages. Deleting one copy of the 43-bp repeat of MVV strain K1514 had no effect on transcriptional activity. However, deletion of both repeats abolished the activity of the promoter in SCP cells almost completely, whereas it had little effect in macrophages, which suggests that a different set of transcription factors control the expression of MVV in the different cell types. Our finding that both the CAAAT sequence and the AML site, when present in one copy, contribute to the transcription efficiency in SCP cells further supports the notion that transcription is synergistically controlled by a repertoire of transcription factors and that the repeated sequence creates a redundancy of transcription factor binding sites (25) . The loss of virus replication that we detected in this study may be controlled at the level of chromatin that cannot be detected by transient transfection (12, 33) . Chromatin remodeling has been shown to modulate gene expression, and in fact, there is increasing evidence that the lentiviruses are regulated at the level of chromosomally integrated virus (9, 12, 26, 27, 53) .
Eight maedi samples contained LTRs without a duplication, and this seems to be most common in virus isolated from other breeds of sheep as well, where maedi is most prevalent (5, 10, 40) . A repeat sequence encompassing the CAAAT sequence was found in all brain-derived visna samples, however, implicating a repeat of the CAAAT motif in neurotropism. Three of the four visna strains in this study originated in the herd that was the source of virus used in the transmission experiments that the neurovirulent viruses K1514 and K1772 are derived from. These viruses replicate to high titers in SCP cells. The fourth strain, 2219, had a different duplication, but it also encompassed the CAAAT sequence. Unfortunately, this strain was not available for examining the replication in SCP cells. However, this strain was reported to grow to much higher titers in SCP cells than the maedi strains (23) . The route of access to the CNS is most likely by the bloodstream, but the mechanism by which these viruses cross the blood-brain barrier has not been elucidated. A study of the distribution of viral antigens in the CNS in an experimental infection using the neurovirulent MVV strain K1772 revealed a variety of cell types productively infected. These included lymphocytes, plasma cells, macrophages, endothelial cells, pericytes, fibroblasts, and choroidal epithelial cells (19) . In contrast to these findings, others have reported that, although other strains of MVV can enter a variety of cell types, productive infection is strictly confined to macrophages (7, 18) . Together, these results suggest that the invasion of the brain by MVV is in most cases probably dependent on activated T cells or monocytes entering the brain and recruiting macrophages that may be infected, in accordance with the Trojan horse hypothesis (36) . However, if the virus strain can infect the cells which comprise the blood-brain barrier, i.e., endothelial cells or cells of the choroid plexus, it may have easier access to the brain and, hence, be more neuroinvasive.
